Heterochromatic gene silencing results from the establishment of a repressive chromatin structure over reporter genes. Gene silencing is often variegated, implying that chromatin may stochastically switch from repressive to permissive structures as cells divide. To identify remodeling enzymes involved in reorganizing heterochromatin, we tested 11 SNF2-type chromatin remodelers in Drosophila for effects on gene silencing. Overexpression of five remodelers affects gene silencing, and the most potent de-repressor is the ␣-thalassaemia mental retardation syndrome X-linked (ATRX) homolog X-linked nuclear protein (XNP). Although the mammalian ATRX protein localizes to heterochromatin, Drosophila XNP is not a general component of heterochromatin. Instead, XNP localizes to active genes and to a major focus near the heterochromatin of the X chromosome. The XNP focus corresponds to an unusual decondensed satellite DNA block, and both active genes and the XNP focus are sites of ongoing nucleosome replacement. We suggest that the XNP remodeler modulates nucleosome dynamics at its target sites to limit chromatin accessibility. Although XNP at active genes may contribute to gene silencing, we find that a single focus is present across Drosophila species and that perturbation of this site cripples heterochromatic gene silencing. Thus, the XNP focus appears to be a functional genetic element that can contribute to gene silencing throughout the nucleus.
C
hromatin in the eukaryotic nucleus consists of DNA wrapped around histone octamers into nucleosomes. Cytological and molecular features distinguish different kinds of chromatin within the nucleus (1) . Gene-rich regions are usually packaged into euchromatin, which is decondensed in interphase nuclei, enriched for histone modifications associated with transcriptional activity, and often has high DNA accessibility. In contrast, gene-poor and repetitive sequences are packaged into heterochromatin, a condensed, relatively inaccessible chromatin organization that carries histone modifications associated with transcriptional repression.
The genetic phenomenon of position effect variegation first indicated that heterochromatin could affect gene activity (2) . Heterochromatic gene silencing has served as a sensitive measure to identify mutations in components of chromatin-based regulation (3, 4) . Transcriptional repression in heterochromatin is thought to be crucial to limit the accumulation of transposable elements and unstable repetitive sequences in genomes.
A major class of factors involved in altering chromatin structure is the SNF2-type chromatin remodelers (named after the founding sucrose nonfermenting 2 protein in Saccharomyces cerevisiae) (5) . These nuclear enzymes use the energy of ATP binding and hydrolysis to manipulate histone-DNA contacts in nucleosomes. Individual remodelers also appear to differ in their activities; whereas some have been implicated in regulating promoter accessibility (6, 7) , others are required for transcriptional elongation (8) , recombination (9) , DNA replication (10) , and histone exchange (11, 12) . These studies have led to the view that remodelers of different subfamilies have different biochemical properties. At least 14 subfamilies have been distinguished by phylogenetic analysis of the core SNF2-type domain (13) , suggesting that novel activities for remodelers await discovery. Drosophila melanogaster has 17 SNF2-type proteins representing all 14 of the chromatin remodeler subfamilies.
Results

Overexpression of Chromatin Remodelers Alters Heterochromatic
Gene Silencing. To determine the in vivo relationship between chromatin remodeling and gene silencing, we tested whether overexpression of specified remodelers in the eye could alter gene silencing caused by the brown Dominant (bw D ) heterochromatic insertion (14) . This piece of heterochromatin silences a bw ϩ allele on the homologous chromosome and is sensitive to the dosage of heterochromatin proteins (15) . We used this reporter system because bw D consistently silences bw ϩ in Ϸ95% of pigment cells in every animal and is not affected by the common mini-white ϩ transgene marker. These features allow us to conduct an efficient F 1 screen of available overexpression insertions. We targeted overexpression specifically to the eye by using the GAL4 misexpression system (16, 17) , thus minimizing potential lethal effects of overexpression. Suitable transposon insertions were available from public stock centers for 11 of the 17 SNF2-type chromatin remodelers in the Drosophila genome. We found that overexpression of five of these genes had detectable effects on silencing (Table 1 and Fig. 1A ). Overexpression of Ino80 and Chd1 enhanced gene silencing, whereas the kismet, Etl1, and xnp [named after the mammalian homolog X-linked nuclear protein (XNP)] genes de-repressed the bw ϩ allele. Notably, overexpression of xnp greatly relieved silencing, whereas other remodelers had more moderate but consistent effects on the frequency of silenced and expressing cells. The effects on gene silencing that we do observe likely result from overexpression of the adjacent gene, because each transposon lies close to or within the transcription unit, and had no effect on silencing without GAL4 induction. However, we have not verified that remodelers that do not affect silencing are overexpressed from these insertions.
XNP Remodeler Is a General De-Repressor of Heterochromatin Gene
Silencing. We generated deletion alleles for the xnp gene (SI Text and Fig. S1 ) and found homozygous null mutants for xnp to be viable and fertile. Both alleles recovered (xnp 403 and xnp 406 ) are mild dominant de-repressors of bw D -mediated silencing, and animals completely deficient for xnp had greatly de-repressed (Fig. 1B) . Moreover, these mutations appear to be general 3 To whom correspondence should be addressed. E-mail: kamiahmad@hms.harvard.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0905816106/DCSupplemental. modifiers of heterochromatic silencing, because they also derepress silencing in the In(1)w m4 rearrangement (Fig. 1C ) (18) . This demonstrates that XNP is required for efficient heterochromatic silencing. However, models for XNP function must take into account that both the lack or the overexpression of the protein de-represses silencing.
XNP Marks Transcribed Genes and a Focus Near Heterochromatin.
To characterize the normal function of XNP, we raised antisera directed against an XNP C-terminal peptide. We found that our antiserum recognizes both isoforms (18) of the protein in nuclear extracts from wild-type, but not xnp mutant animals (Fig. S1 ). The mammalian homolog XNP or ␣-thalassaemia mental retardation syndrome X-linked (ATRX) has been described as a component of heterochromatin and implicated in the epigenetic regulation of transcription (19) . Strikingly, we found that most endogenous Drosophila XNP in diploid wing disc cells localizes to a single focus within the nucleus, always adjacent to heterochromatin, as marked by heterochromatin protein 1 (HP1) staining ( Fig. 2A) . Additional staining is present throughout euchromatin. To examine the localization of XNP with higher resolution, we examined the giant polytene chromosomes of larval salivary glands and found a single bright focus next to the heterochromatic chromocenter (Fig. 2B, arrow) . The spreads also show clear, but weaker signals throughout the euchromatic arms. Both the focus and euchromatic signals must be due to endogenous XNP protein, because they are absent in xnp mutants (Fig. 2C) . We costained the chromosomes for XNP and elongating RNA polymerase II (pol II) and observed considerable overlap between the two proteins in euchromatin, implicating XNP generally in transcription (Fig. 3 D and E; arrowhead marking an ecdysone-responsive puff). However, although all sites of pol II contain XNP, a limited number of XNP sites do not contain pol II. The XNP focus is a clear case in which a large fraction of XNP is localized, but there is no overlapping signal for elongating or initiating forms of pol II (Fig. 2D, arrow) . Notably, a previous study claimed that Drosophila XNP is found throughout heterochromatin (18) but used overexpression of the protein to assess its localization. We found that overexpression of XNP changes its localization pattern and causes chromatin defects (Fig. S2) .
XNP Focus Is a Site of Rapid Nucleosome Replacement. We used chromosomal rearrangements and different genetic backgrounds to map the XNP focus (Fig. S3) . The focus coincides with a previously uncharacterized satellite block of Ϸ50 kb of the simple sequence TAGA, near heterochromatin on the X chromosome (Fig. 3A) . Although the sequence of the block is a simple repeat, it is not enriched for HP1 (Figs. 2B and 3B). Furthermore, we find that the block stains poorly for DAPI and histones but is enriched for H3 K9 acetylation, a mark of active chromatin (Fig. 3B ). These features suggest that the focus is either nucleosome-poor or relatively decondensed. The low histone density and the enrichment for histone acetylation in the XNP focus prompted us to test whether it is a site of nucleosome replacement. Although most nucleosomes are assembled in S-phase during DNA replication, cells also use the H3.3 histone variant for replication-independent (RI) nucleosome replacement throughout the cell cycle. Nucleosome replacement can occur after transcription-associated displacement of nucleosomes, at enhancer elements where transcription factors bind, and at anti-nucleosomal sequences where nucleosomes are unstable (20, 21) . We used a truncated H3.3 protein fused to green fluorescent protein (H3.3 core -GFP), a construct that can only be incorporated into chromatin by RI assembly to mark sites of nucleosome replacement in vivo (22) . We produced a pulse of H3.3 core -GFP in larvae and compared the localization of the tagged histone and XNP in polytene chromosomes 24 h later (Fig. 3C) . Strikingly, the XNP focus is a major site of H3.3 deposition, implying that nucleosomes are continuously being disassembled and reassembled at this site.
We hypothesized that the XNP focus is a site of nucleosome replacement because the sequence of the satellite block is difficult to wrap around a histone octamer. The positioning and stability of nucleosomes is in large part due to the distribution of anti-nucleosomal sequences that bend poorly around histone octamers (23) . Computer prediction based on the calculated structural properties of the TAGA sequence suggests that this satellite block will not favor nucleosome packaging (24) . We conclude that the chromatin dynamics of the XNP focus is due to intrinsic sequence effects on nucleosome stability.
Active genes are the major sites of nucleosome replacement in Drosophila (25) . Our conclusion that the nontranscribed XNP focus is also a site of nucleosome replacement suggests that this may be a common feature of all XNP target sites. To test whether XNP signal in euchromatin corresponds to regions of dynamic chromatin, we induced the H3.3 core -GFP construct with a constitutive driver, and stained chromosomes for GFP and XNP. The vast majority of XNP sites costain with the histone variant ( Fig. 3 D and E) .
XNP Is Not Required for Nucleosome Replacement. Animals deficient for XNP show strong de-repression of heterochromatic gene silencing, suggesting that chromatin structure may be altered in these mutants. We therefore examined nucleosome replacement at the normal site of the XNP focus in XNP-deficient larvae. Incorporation of H3.3 core -GFP in the 20E interval appeared indistinguishable from that in xnp ϩ cells (Fig. 3C) . Additionally, the general appearance of the region was not visibly perturbed, remaining relatively decondensed, depleted for histone H3, enriched for H3 K9Ac , and lacking RNA polymerase II. This demonstrates that the rapid nucleosome replacement at this site does not require XNP but is consistent with the idea that intrinsic sequence features of the satellite destabilize nucleosomes. Finally, there were no apparent defects in chromatin morphology at transcribed sites in the genome. Thus, although XNP appears to target sites of nucleosome dynamics, it is not required to maintain these regions.
Perturbation of the XNP Focus Affects Gene Silencing. Staining for XNP in different Drosophila species revealed that the XNP focus is a conserved feature of the drosophilid nucleus;, however, the underlying sequence of the focus in D. melanogaster is not (Fig.  S4) . Thus, the conservation of an XNP focus cannot be explained by a simple sequence-specific DNA-protein interaction. Conservation implies a function for the focus. Available deletions in D. melanogaster that remove the TAGA satellite block also delete neighboring essential genes, and this prevents us from testing whether the XNP focus is required for silencing. However, a transposon insertion (P[EY] TAGA ) has been recovered adjacent to the satellite block. Although this insertion itself does not affect the bw D /ϩ silencing assay, the construct contains a GAL4-inducible misexpression promoter directed into the TAGA satellite block. We induced the misexpression promoter by using a constitutive GAL4 driver and examined the cytological appearance of the XNP focus. In the uninduced X chromosome, the XNP focus lies at the base of the X chromosome adjacent to the chromocenter and does not contain RNA pol II (Fig. 4A) . In contrast, induction of the misexpression promoter in P[EY] TAGA dramatically alters the morphology of the XNP focus (Fig. 4B) . Chromatin at the base of the X decondenses, increasing the distance from the chromocenter and the first bands on the X chromosome. This decondensed region comprises the TAGA satellite block, because it is intensely stained with antibodies against both RNA pol II and with XNP. Thus, forcing transcription across the block results in massive decompaction, apparently allowing increased access of the XNP protein to its binding sites at the block.
We then assayed gene silencing by using the bw D /ϩ system to determine whether the transcription-mediated perturbation of the focus has any functional outcome. Indeed, induction of P[EY] TAGA by using an eye-specific GAL4 driver de-repressed silencing (Fig. 4 C and D) . Although transcription within the XNP focus does not occur under normal circumstances, we interpret the effects of induced transcription to indicate that the XNP focus can contribute to heterochromatic silencing. Because P[EY] TAGA and bw D are on different chromosomes, decompacting the XNP focus hinders heterochromatic gene silencing throughout the nucleus.
Discussion
We show that five SNF2-type chromatin remodelers in Drosophila have dramatic effects on heterochromatic gene silencing when overexpressed. Although overexpression screens can create aberrant effects in cells, such screens are efficient for isolating The XNP focus is a satellite block with a dynamic chromatin environment. Chromatin features were assayed in polytene chromosomes from In(1)w m4 ; Su(var)3-9 larvae. XNP is in green, and DAPI-stained DNA is in gray. candidate genes or processes involved in a biological function. The specificity of certain remodelers to affect silencing is presumably due to their individual activities, target sites, or features of their macromolecular complexes. Overexpression can enhance silencing (Chd1 and Ino80) or de-repress it (Kismet, Etl1, and XNP). The Kismet and XNP remodelers have been implicated in gene silencing phenomena from mutational studies (26, 27) , and in our study overexpression of XNP was the strongest de-repressor of silencing. This demonstrates that overexpression can recover relevant factors involved in heterochromatic gene silencing. The role of the XNP remodeler in silencing appears to be conserved, because null mutations in the mammalian homolog ATRX also alter chromatin in heterochromatic regions (27) . A large fraction of ATRX is localized to heterochromatin in mammalian cells, leading to the idea that it contributes to heterochromatin structure.
A previous study identified that Drosophila XNP is required for heterochromatic gene silencing and used overexpression genotypes to visualize that XNP localized to heterochromatin (18) . Surprisingly, we find that endogenous Drosophila XNP is not localized throughout heterochromatin, and the difference appears to be that overexpression changes the localization of the protein. We find that endogenous XNP targets active genes and a single satellite block on the X chromosome. If both ATRX and XNP are required for efficient heterochromatin function, why does the nuclear localization of this conserved remodeler differ between Drosophila and mammals? First, the N-terminal portion of ATRX contributes to heterochromatin targeting (28) , and Drosophila XNP lacks homology to this region. This can account for the absence of XNP in heterochromatin. Second, the distribution of mammalian ATRX in the nucleus is more complex than that of XNP. ATRX is found at low levels throughout the nucleus, at heterochromatic regions, and in discrete nuclear foci called promyelocytic leukemia (PML) bodies (29) . PML bodies are functionally diverse, with connections to transcriptional regulation, DNA damage response, and genome stability (29) . A subclass of PML bodies contain transcription factors and associate with gene-rich regions in a transcription-dependent manner. Mutational studies implicate PML-localized ATRX in at least some of its regulatory functions (30) . Drosophila lacks a PML homolog, and XNP does not show a speckled appearance akin to mammalian PML bodies. However, XNP localized to active genes may play an equivalent role to ATRX localized in PML bodies. Alternatively, these may simply be lacking in Drosophila.
However, there is one situation in which a mammalian PML body has similarities to the Drosophila pattern. PML bodies do not normally coincide with satellite blocks, but in mutants lacking the Dnmt3 DNA methyltransferase a hypomethylated repetitive sequence nucleates the formation of a giant PML body (31) . This is thought to form as part of a response when the hypomethylated satellite fails to compact. In Drosophila, the XNP focus is a constitutive feature of the nucleus but also corresponds to an unusually decondensed satellite block. The functions of PML bodies are mysterious, but such foci at satellite blocks may form as proteins are recruited to package the site and avoid DNA damage (29) .
How might XNP promote packaging of decondensed satellite blocks? All XNP target sites in the Drosophila genome are sites of ongoing nucleosome replacement, where the H3.3 histone variant is incorporated. For active genes, this is a consequence of transcription that displaces histones from DNA (20) . At the XNP focus, the intrinsic properties of the TAGA satellite appear to destabilize nucleosomes, resulting in decompaction and nucleosome replacement. XNP is recruited to both of these sites, suggesting that it has affinity for a shared aspect of dynamic chromatin. We speculate that XNP targets these regions by binding H3.3-containing nucleosomes or by complexing with other factors involved in replacement. XNP is not required for nucleosome replacement, because H3.3 deposition continues in xnp mutants. Furthermore, XNP is not essential, suggesting that it is redundant with other remodelers localized at active genes or that it has more significant functions in DNA repair or recombination. However, XNP may contribute indirectly to nucleosome dynamics. Nucleosome replacement requires that old histones dissociate from DNA and that new histones repackage the exposed DNA. In vivo, this process requires factors that manipulate DNA-histone contacts to unwrap the nucleosome, and protein chaperones to remove and deliver histones (32) . Chromatin remodelers can contribute to nucleosome assembly by unwrapping and rebuilding nucleosomes (33) . XNP belongs to the RAD54 (radiation-sensitive 54) subfamily of SNF2-type remodelers (34) . These enzymes have DNA translocase activity, but little or no effect on nucleosomal accessibility (18, 35, 36) . ATRX in particular shows no preference for free DNA or nucleosomes (28) . However, a translocase in dynamic chromatin regions could adjust nucleosome positions by trapping exposed DNA. Alternatively, translocases could modulate nucleosome occupancy by introducing supercoils that promote nucleosome stability (37) . Either of these functions would affect DNA accessibility in highly dynamic chromatin. At the XNP focus, these functions could promote the packaging of the satellite despite its intrinsic properties. It is reasonable to consider that XNP similarly modulates nucleosome dynamics at active genes. This can also account for why a lack or overexpression of XNP de-represses silencing, if less efficient packaging or excessive remodeling leave regions accessible for transcription factor binding.
Although satellite PML bodies are thought to be aberrant structures (31) , our data imply that the properties of the XNP focus are more complex. The XNP focus is a constitutive and conserved feature of the Drosophila nucleus, but because satellite sequences rapidly evolve, a detrimental aberrant block should not be retained. Our experiments perturbing the XNP focus by induced transcription across the satellite block suggest that the XNP focus has a role in regulating gene silencing throughout the nucleus. We propose two models to explain how the XNP focus can affect silencing. First, the XNP focus may sequester the remodeler away from active genes. If XNP attenuates gene activity by limiting nucleosome dynamics in transcribed regions, sequestering more XNP at the focus would increase gene activity. This model parallels functions proposed for mammalian PML bodies, in which transcription factors may be sequestered away from their target sites as a mechanism of gene regulation (29) . A second possibility is that the XNP focus is part of a larger genetic element that regulates silencing. Recent studies have identified a region adjacent to the XNP focus on the X chromosome as a major source of noncoding RNAs that direct global repression of retrotransposons and repetitive sequences (38, 39) . Perhaps the XNP focus acts as a transcriptional enhancer for RNAs that are required for heterochromatic silencing. Regardless of how the XNP focus modulates silencing, its conservation in multiple Drosophila species implies that this structure is a functional element in the nucleus.
Materials and Methods
Fly Crosses. All stocks and crosses were grown at 25°C. Strains used here are described in Flybase (www.flybase.org). Transposon insertions upstream of most chromatin remodeler genes were obtained from the Bloomington and Harvard stock centers. The Chd1 EP insertion line was obtained from J. Armstrong (Claremont College, Claremont, CA). We obtained P [EY] 09137 from the Bloomington stock center and designated this as P [EY] TAGA as it is adjacent to the TAGA satellite block. The eye-specific (GMR-GAL4) and the constitutive (A5C-GAL4) driver lines are described in ref. 40 , and the salivary-gland-specific driver in ref. 41 . For scoring effects of chromatin remodelers on heterochromatic gene silencing, v 36f ; P[GMR-GAL4]D bw D /CyO females were crossed to males from the various insertion lines. Curly-winged and Cy ϩ male progeny were collected from crosses, aged for 3 days, and photographed as described in ref. 42 using a Sony digital camera mounted on a Nikon SMZ1500 stereomicroscope. Effects on gene silencing were consistent in all progeny from each cross, and representative pictures are shown. Dependence of modification effects on GAL4-induced overexpression of a remodeler and not the transposon insertion itself was tested by crossing v 36f ; bw D /CyO females to male from the insertion lines, and comparing silencing in Curly-winged and Cyϩ male progeny. Antisera. Commercial primary antisera used were as follows: anti-HP1 (C1A9; DSHB), anti-H3K9-dimethyl (catalog #07-212; Upstate), anti-H3K9-acetyl (Ab12179; Abcam), anti-pol II H5 (MMS-129R; BabCo), anti-pol II H14 (MMS-134R; BabCo), and anti-GFP (FL; catalog #8372-2; Clontech). Polyclonal antisera to XNP were raised in rabbits to a C-terminal peptide of both isoforms (CAAPAPGFEPDKVYEID). Sera were affinity-purified and used at 1:2,000 -5,000 dilution for cytology, and 1:40,000 for Western detection. Fluorescently labeled secondary antibodies (Jackson ImmunoResearch) were used at 1:100 dilution for cytology, and HRP-conjugated secondary antibody (Jackson ImmunoResearch) were used at 1:10,000 for Western detection.
Cytology. For polytene spreads, salivary glands were fixed and spread as described in ref. 43 . Slides were incubated with primary antibodies overnight at 4°C, with secondary antibodies for 1 h at room temperature, and then stained with DAPI. Air-dried slides were mounted with Vectashield, imaged by using a 100ϫ objective, and photographed as described in ref. 20 . In(1)w m4 ; Su(var)3-9 1 /Su(var)3-9 2 were used for mapping and cytological characterization of the TAGA block. To detect sites of rapid replication-independent nucleosome replacement, we heat-shocked wild-type (w m4 ) or XNP-deficient (In (1)w m4 ; xnp 406 /Df(3R)Exel6202) larvae carrying a HS-H3.3 core -GFP transgene for 1 h (20) . Larvae were allowed to recover for 24 h at room temperature before dissection and polytene spread preparation. To visualize all sites of H3.3 deposition, the HS-H3.3 core -GFP transgene was constitutively induced in salivary glands by using the SGS3-GAL4 driver. For diploid nuclear spreads, imaginal wing discs from third-instar larvae were fixed in methanol/acetic acid/water (10:2:1) for 2 min, and then squashed as described in ref. 44 . Slides were then processed for immunostaining.
